pared to stair climbing (22.7 ml/min/kg; p = 0.673). Speed of ascent was significantly correlated to both stair climbing peak V O 2 (r = 0.63) and treadmill V O 2max (r = 0.67). All 19 subjects (34%) who reached 20 m in 80 s or less ( 6 15 m/min) had a V O 2max of 6 20 ml/min/kg. Conclusions: We found a clinically useful correlation between speed of ascent during stair climbing and V O 2max during treadmill exercise testing. Climbing to 20 m with an average speed of ascent of 6 15 m/min accurately identified subjects qualifying for pneumonectomy according to established criteria.
Introduction
Pulmonary resection remains a high-risk procedure in patients with impaired cardiopulmonary reserve [1] . Validated algorithms that identify candidates at risk of complications or with an unacceptable decrease in quality of life after lung resection include cardiac history, spirometry, diffusion capacity for carbon monoxide (D LCO ), formal cardiopulmonary exercise testing on a cycle ergometer or treadmill with measurement of the aerobic capacity (V O 2max ) and the calculation of predicted postoperative reserves, sometimes necessitating split function studies [2, 3] . It is generally accepted that low aerobic capacity correlates with the risk of postoperative complications [4] . A V O 2max of 6 20 ml/kg/min is considered the minimum reserve for pneumonectomy and lobectomy and has been associated with a very low postoperative morbidity (11%) and mortality (1.5%) [2] . However, measurement of D LCO , V O 2max and split function requires specialised equipment and expertise, which is expensive and not always accessible.
Considerable effort has gone into sophisticated technology to exclude patients with critical impairment from lung resection. It is also clear that patients with normal or near-normal reserves are at low risk, but simple criteria allowing the admission of patients with only mild or moderate impairment to lung resection without the indiscriminate use of costly technology are lacking. Symptom-limited stair climbing with no or minimal instrumentation is simple, low cost and widely available. Stair climbing performance identifies patients at risk for morbidity and mortality after lung resection, but technical aspects and suggested cut-off values vary significantly across studies [5] [6] [7] [8] [9] . An altitude climbed of 16.6-22 m (about 6 floors) seems necessary to adequately stress the cardiorespiratory system of lung resection candidates [4, 10, 11] . In one study, inability to climb 12 m was associated with a 13-fold higher mortality than in patients who climbed more than 22 m [12] . A recent pilot study performed at our institution demonstrated a good correlation between speed of ascent and V O 2max measured during cycle ergometry [11] .
We aimed to directly compare speed of ascent to a height of 20 m with aerobic capacity measured during stair climbing and during formal treadmill exercise testing. Our ultimate aim was to validate a standardised stair climbing test to 20 m in a cohort of lung resection candidates with various degrees of pulmonary impairment, and to investigate its ability to identify subjects at low risk.
Materials and Methods

Study Design and Population
Tygerberg Academic Hospital is a 1,200-bed academic hospital in Cape Town, South Africa. It is one of two referral centres and renders a tertiary service to a population of approximately 1.5 million people. Candidates for elective pulmonary resection are routinely referred to the Pulmonology Division for preoperative evaluation. Adult candidates for pulmonary resection were clinically evaluated and considered eligible for the study if they had FEV 1 and/or D LCO c of less than 80% of predicted (Jaeger MasterLab, Erich Jaeger GmbH and CoKG, Würzburg, Germany). Patients were excluded with poorly controlled medical conditions or contraindications for exercise testing such as chronic obstructive pulmonary disease exacerbation, unstable angina pectoris, recent myocardial infarction, aortic outflow obstruction, uncontrolled arterial hypertension, recent thromboembolic disease and current haemoptysis. Patients with lower limb pathology unable to cooperate fully were also excluded. The local institutional review board approved the protocol and all patients gave written informed consent.
Exercise Testing
Stair climbing and treadmill tests were performed on the same day and in that sequence. On both the stairs and treadmill the aerobic capacity was measured by breathing room air with direct breath-by-breath measurement of expired gases through a validated, light, portable telemetric gas analyser (MetaMax Spiroergometer, CORTEX Biophysik GmbH, Leipzig, Germany) which was carried by the subjects on a comfortable belt system that allowed constant and simultaneous data transmission to a central computer station (MetaSoft software, CORTEX Biophysik GmbH) [13] . Symptom-limited stair climbing took place on a central staircase with steps 17.4 cm high. Between floors there were 20 steps and one intermediate landing. Subjects were asked to climb 'as fast and as high without stopping' as they possibly could to a maximum elevation of precisely 20 m, corresponding to approximately 6 floors. An assistant followed the subjects and gave vocal encouragement but provided no other help throughout the ascent. The test was considered completed when a patient stopped for more than 3 s or reached the target elevation of 20 m. The assistant recorded the exercise time and height reached. A compulsory rest period of at least 2 h was respected before the treadmill test, which was done with a Balke ramp protocol according to current published guidelines [14] . All subjects were once again equally encouraged to give their best effort. Capillary blood samples for lactate and pH measurements were collected upon exercise test termination. For stair climbing we reported as peak V O 2 the highest V O 2 maintained for at least 5 s. On the treadmill V O 2max was defined as the V O 2 measured when standard criteria for adequate exercise were met [14] .
Statistical Analysis
The sample was chosen to obtain a representative study population across all degrees of exercise impairment. We aimed to include subjects over at least a year but also to include at least five subjects in each of the following categories of V O 2max impairment: 1 82% (normal), 61-81% (mild), 51-60% (moderate), ! 50% (severe) [15] . Discrete variables are expressed as counts (percentages) and continuous variables as means 8 standard deviation (SD). Continuous variables with normal distribution were compared by the paired Student t test. Correlation analyses were performed using a Spearman rank test (r = Spearman's correlation coefficient). A p value of ! 0.05 was accepted as significant.
Results
Patient Characteristics
Between May 2010 and April 2011 we included the 56 lung resection candidates whose demographics, medical history and lung function measurements are reported in table 1 . According to V O 2max reached on the treadmill, 13, 21, 11 and 7 subjects had no, mild, moderate and severe cardiopulmonary impairment, respectively [15] . Tuberculosis-related conditions such as bronchiectasis, fibrocavitatory changes and aspergilloma were the most common indication for lung resection. Five out of 56 subjects could only partly complete the study: 2 subjects had ECG findings requiring further evaluation and 3 subjects did not complete the treadmill test because of severe dyspnoea, haemoptysis and lower limb weakness. All other exercise tests were terminated because of subjective inability to continue climbing the stairs or walking on the treadmill due to either fatigue or dyspnoea and remained free of complications.
Exercise Testing
Of 54 subjects who completed the stair climbing exercise 22 (41%) did not reach the target altitude of 20 m. As expected, the speed of ascent and V O 2 peak increased progressively with the altitude reached and was higher in those reaching the target of 20 m than those that did not ( table 2 ) . Table 3 summarises cardiopulmonary and metabolic parameters measured during the stair climbing and treadmill exercise tests. Not surprisingly, the treadmill ramp protocol took longer to complete than stair climbing by an average of about 6 min (p ! 0.001, t test), which was also reflected in a slightly higher maximum heart rate (p = 0.004, t test). However, the proportion of subjects reaching at least 80% of their theoretical maximum heart rate did not differ significantly, which was also the case with all other cardiopulmonary parameters measured.
Correlation between Stair Climbing and Treadmill Exercise Testing
Despite its short duration, speed of ascent was well correlated with peak V O 2 /kg during stair climbing (r = 0.63, fig. 1 a) and with V O 2max /kg reached on the treadmill (r = 0.67, fig. 1 b) , as calculated for all patients. In patients unable to reach 20 m, neither speed of ascent nor altitude reached were statistically correlated with V O 2 (r = 0.211, p = 0.347 and r = 0.216, p = 0.334, respectively). Altitude alone correlated less well with peak V O 2 /kg (r = 0.43). Moreover, speed of ascent was the best predictor of a peak V O 2 /kg greater than 20 ml/min/kg, followed by age and altitude in the univariate logistic regression analysis (p = 0.004, 0.023 and 0.05, respectively). The diagnostic performance of speed of ascent to predict a minimum V O 2max /kg of 20 ml/min/kg is shown in table 4 . Eighteen C OPD = Chronic obstructive pulmonary disease; TLC = total lung capacity; FVC = forced vital capacity; FEV 1 = forced expiratory volume in 1 s; DLCO c = diffusion capacity for CO corrected for haemoglobin. (58%) out of the 31 subjects who reached the target altitude of 20 m climbed it in less than 80 s (speed of ascent 6 15 m/min) and also had a V O 2max of greater than 20 ml/ min/kg on the treadmill. This means that in 18 out of 56 subjects (32%) a decision regarding operability could be made based on symptom-limited stair climbing alone.
Discussion
Our study validates timed stair climbing to 20 m as a simple, practical and low-cost exercise test for lung resection candidates with at least mild pulmonary impairment. Despite its short duration, 79% of the 56 subjects reached at least 80% of their theoretical maximum heart rate. Speed of ascent to 20 m correlated equally well with peak V O 2 during stair climbing itself and V O 2max during formal treadmill exercise testing. All subjects who reached 20 m within 80 s (speed of ascent 6 15 m/min) had a V O 2max greater than 20 ml/min/kg. This implies that in this cohort of subjects with pulmonary impairment, every third lung resection candidate could potentially have been considered fit for lung resection up to the extent of pneumonectomy without formal exercise testing.
It is interesting that a short but intensive climb to a relatively low altitude (average duration 1.25 min) is of high enough intensity to predict the outcome of a standard maximal exercise test to exhaustion of much longer duration (7.25 min in this study). This confirms the results of an earlier pilot study at our institution [11] and those of Cataneo and Cataneo [16] to an even lower altitude of 12.16 m. Timed 'racing' up the stairs to a target height at maximum speed is indeed highly motivating and easy to standardise, which is in contrast with the alternative challenge of climbing steadily at one's own pace to a maximum altitude gained [17] [18] [19] . Current guidelines for surgical treatment of lung cancer suggest an ability to climb higher than 22 m at any pace is sufficient to undergo resection up to pneumonectomy [3] . However, Brunelli et al. [19] showed that 37% of subjects reaching 22 m did not generate a V O 2max greater than 20 ml/min/ kg. The present study supports this concern: 19% of the subjects who reached 20 m also did not achieve that level of V O 2 . Speed of ascent (r = 0.63) was better correlated with peak V O 2 than altitude (r = 0.43) even when 20 m were not reached. Adding a time variable seems, therefore, crucial in order to increase the accuracy of the test in predicting a V O 2max above previously validated cut-off values in subjects with mild exercise impairment. In patients who did not reach 20 m, neither speed of ascent nor altitude climbed were correlated with peak V O 2 suggesting that such patients should undergo complete cardiopulmonary exercise testing.
This study has some limitations. Firstly, the patient population studied presented at a relatively young age and with mostly nonmalignant pathology. Whether our results can be extrapolated to an older population with mostly smoking-related indications for lung resection is not clear. Older subjects are less likely to reach 20 m in 80 s and this trend would reduce the risk of false-positive results. Both tests were safe in the population tested but more data are needed in older, less mobile subjects. Secondly, too few subjects reached V O 2max between 15 and 20 ml/min/kg to enable a useful analysis of this commonly accepted cut-off for lung resection up to the extent of lobectomy. Thirdly, we did not collect data on postoperative complications and mortality. Based on our findings a next step would be to prospectively test the suggested cut-offs and to compare perioperative morbidity and mortality with historical data. As the best available figures for morbidity and mortality are around 1.5 and 11%, respectively [2] , such a study will have to include several hundreds of patients in order to prove the noninferiority of timed stair climbing to formal exercise testing.
In conclusion, we have shown that a short, timed stair climbing exercise to 20 m is of a similar intensity to formal treadmill exercise testing. The critical V O 2max of 1 20 ml/min/kg was reached by all subjects climbing to 20 m in less than 80 s. These observations add to the growing body of evidence that stair climbing is a clinically useful test for the evaluation of lung resection candidates with impaired lung function.
